Summary Advancing maternal age has been related to increased risk of fetal death and morbidity, as well as higher fracture risk during childhood, in the offspring. In the present study, we demonstrate that advancing maternal age is independently associated with reduced bone mass in the young adult male offspring. Introduction In Sweden the maternal age in both primi-and multipara mothers has steadily increased during the last three decades. It has been previously reported that advancing maternal age increases the risk of fetal death, but also of morbidity in the offspring, such as chromosome abnormalities, leukemia, diabetes mellitus type 1, and schizophrenia. Whether or not maternal age influences peak bone mass has not been reported. The aim of the present study was to investigate whether a high maternal age was associated with lower peak bone mass, as measured using DXA in a large cohort of male offspring [the Gothenburg Osteoporosis and Obesity Determinants study (GOOD)].
Introduction
In Sweden, the maternal age in both primi-and multipara mothers has steadily increased during the last three decades. In this period, the mean age of mothers giving birth, both primi-and multipara included, increased from 26.0 to 30.3 years of age. For primiparous women only, the age has increased from 23.8 to 28.4 years of age during the same period. In urban areas in Sweden, the age of mothers giving birth to their first born increased even more, from 24.8 years in 1973 to 30.1 years in 2005 [1] . It has been previously reported that advancing maternal age increases the risk of fetal death [2, 3] , but also of other morbidities in the offspring, such as chromosome abnormalities and childhood cancers like leukemia and retinoblastoma [4, 5] . The maternal age has also been associated with the development of diabetes mellitus type 1 and schizophrenia in the offspring, but these associations were also found to be dependent on paternal age [6, 7] . A recently published prospective study in a Brazilian cohort has shown a higher incidence of fracture between birth and the age of 11 in children of older mothers [8] . Whether maternal age influences bone mass in the offspring has, however, not been reported.
Peak bone mass (PBM) has been shown to be mainly attained before the end of the second decade in life and has been demonstrated to account for up to half of the variation in BMD at age 65, indicating an important role of the level of PBM on the risk of developing osteoporosis [9] [10] [11] . PBM has been shown to be influenced mostly by genetic factors, but also environmental factors such as calcium and vitamin D intake and physical activity [12, 13] . Given the trend of increasing maternal age in industrialized countries and the previously reported studies revealing high maternal age as a risk factor for several diseases and fracture in the offspring, we wished to test the hypothesis if high maternal age was also associated with the skeletal phenotype in the offspring. In the present study, we examined whether high maternal age was associated with lower adult bone mass as measured using dual-X-ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) in a large cohort of male offspring at the age of PBM [11] .
Materials and methods
The Gothenburg Osteoporosis and Obesity Determinants (GOOD) study was initiated with the aim to determine both environmental and genetic factors involved in the regulation of bone and fat mass. Through national population registers, study subjects were randomly identified, and by telephone, were asked to participate in the study. As the only exclusion criteria, subjects had to be between 18 and 20 years of age and willing to participate in the study. A total of 1,068 young men with the mean age of 18.9± 0.6 years were included, corresponding to 48.6% of the initially contacted study subjects. A standardized questionnaire was used to collect information about present amount of physical activity (hours/week, duration in years), smoking (yes or no), and calcium intake estimated from daily dairy product intake.
The GOOD study was approved by the local ethics committee at Gothenburg University. Written and oral informed consent was obtained from all the study participants.
Anthropometric measurements
Height and weight were measured using standardized equipment. The coefficient of variation (CV) values were less than 1% for these measurements.
Dual X-ray absorptiometry (DXA) Total body lean mass, total body fat mass and areal bone mineral density (aBMD) (grams per square centimeter), bone mineral content (grams), and bone area (square centimeter) of the whole body, femoral neck and lumbar spine were assessed using the Lunar Prodigy DXA (GE Lunar Corp,. Madison, WI, USA). The CVs for total body lean mass and total body fat mass were 1.8% and 3.4%, respectively, and the CVs for the aBMD measurements were ranging from 0.5 to 3%.
Peripheral quantitative computed tomography (pQCT)
pQCT scans were performed using a single energy X-ray pQCT device (XCT-2000; Stratec Medizintechnik, GmbH, Pforzheim, Germany). Scans were made on the nondominant arm through the diaphysis of the radius (at 25% of the bone length in the proximal direction of the distal end of the bone) to obtain cortical volumetric bone mineral density (vBMD; mg/cm 3 ), cortical cross-sectional area (CSA; mm 2 ), endosteal and periosteal circumference (mm). Trabecular vBMD was measured using a scan through the metaphysis of the radius (at 4% of the bone length in the proximal direction of the distal end of the bone). The CVs were less than 1% for all pQCT analyses.
Data on the mothers
Through the Swedish Multi-Generation Register, we identified the mothers of 1,009 GOOD study subjects. Maternal parameters were then obtained from the Swedish Medical Birth Register, which contains detailed information about the medical circumstances at the time of child birth, including maternal and offspring anthropometrics (height and weight), maternal age and smoking habits, parity and length of pregnancy. All mothers were de-identified by the administrative authority Statistics Sweden. Hence, the authors could not distinguish any mother by name, social security number, or by any other means.
Socioeconomic status
Information about the social position of the parents in 1985 (GOOD subjects born between 1983 and 1985) were obtained from Statistics Sweden as socioeconomic index (SEI), which is a well-recognized classification based on the expected level of education that comes with a certain occupation. Each study subject obtained a household SEI, which is determined by an order of dominance were the household received the highest SEI of the two parents [14] . By using the abovementioned order of dominance, the subjects were then divided into three major socioeconomic groups where group 1 corresponded to skilled and unskilled manual workers and non-manual workers on lower level. Group 2 corresponded to non-manual workers on midrange level and group 3 corresponded to non-manual workers on higher level.
Statistical analysis
Bivariate correlations were assessed using Pearson's correlation. Independent predictors of bone measurements were calculated using a stepwise linear regression model. In the first step variables correlated to aBMD of the lumbar spine were included and in the second step also variables correlated to maternal age were included. Multiple regression using spline functions was applied to estimate the relationship between maternal age and aBMD. The regression function was comprised by linear pieces at the ends and quadratic functions in the intermediate intervals, and the knots were chosen at the percentiles of maternal age, 10th percentile=24 years (age), 50th=29 years, and 90th= 36 years.
The comparison of bone measurements of subjects with mothers in the 90th percentile of age with all other mothers was assessed using independent samples T-test. Bone parameters adjusted for covariates were calculated using linear regression equations. A p value less than 0.05 was considered significant. All statistical analyses were performed using SPSS (version 16.0; SPSS Inc., Chicago, IL, USA).
Results

Characteristics of the GOOD cohort
The characteristics of the young men, including current anthropometric data, as well as at the time of birth, calcium intake, smoking (yes or no), current level of physical activity (hours/week), total body adipose tissue, and lean mass are given in Table 1 . Parental characteristics, including maternal and paternal age, maternal anthropometrics, maternal smoking in early pregnancy, maternal parity, length of pregnancy, vaginal delivery, or caesarian section and socioeconomic index of the household in 1985, are also presented in Table 1 . Bone parameters, including aBMD, BMC and area of the total body, lumbar spine, femoral neck and the non-dominant radius, and cortical and trabecular vBMD, cortical cross-sectional area, periosteal and endosteal circumference of the non-dominant radius are given in Table 2 .
Bivariate correlations between maternal age and characteristics of the young men and other parental characteristics Maternal age was directly correlated to socioeconomic status in 1985, parity and paternal age while it was inversely correlated to the current level of physical activity in the offspring, length of pregnancy, and smoking in early pregnancy (Table 3 ).
Bivariate correlations between maternal age and bone parameters in the offspring Maternal age was inversely correlated to aBMD at the total body and to aBMD and BMC at the lumbar spine and the non-dominant radius. There were also an inverse relationship found between maternal age and cortical crosssectional area and periosteal and endosteal circumference of the non-dominant radius (Table 2) .
Correlations between aBMD at the lumbar spine, parental characteristics and other characteristics of the GOOD cohort In addition to maternal age, aBMD at the lumbar spine was also inversely correlated with present smoking (r=−0.093, p= 0.003) in the offspring and directly correlated to calcium intake (r=0.138, p=<0.001), current level of physical activity (r=0.286, p=<0.001), adult height (r=0.145, p=<0.001) and weight (r=0.347, p=<0.001), birth height (r=0.065, p= 0.041), total body adipose tissue (r=0.122, p=<0.001), and lean mass (r=0.440, p=<0.001) and length of pregnancy (r= 0.078, p=0.013).
No correlation was seen with aBMD at the lumbar spine and the other variables correlated to maternal age, i.e., socioeconomic status of the household in 1985 (r=−0.043, p=0.180), parity of the mothers (r=0.014, p=0.645), maternal smoking in early pregnancy (r=0.013, p=0.688), and paternal age (r=−0.042, p=0.179). Nor was lumbar spine aBMD correlated to caesarean section (r=0.015, p= 0.629), birth weight (r=0.040, p=0.212) or age of the GOOD subjects (r=0.017, p=0.591).
Maternal age as an independent predictor of aBMD
To determine the independent predictors of aBMD at the lumbar spine a stepwise linear regression model was used. In this model, parameters correlated with aBMD at the lumbar spine were included as covariates, i.e., maternal age, calcium intake, current level of physical activity, adult height and weight, birth height, total body adipose tissue and lean mass, length of pregnancy, and present smoking. We found that the current level of physical activity (β= 0.154, p=<0.001) and total body lean mass in the offspring (β=0.451, p=<0.001) were positive independent predictors, while maternal age (β=−0.076, p=0.007), present smoking (β=−0.061, p=0.030), and adult height in the offspring (β= −0.100, p=0.003) were negative independent predictors of aBMD at the lumbar spine. Using the same covariates in a linear regression analysis with the other bone parameters (as dependent variable), including both DXA and pQCTderived measurements, we demonstrated that maternal age was also a negative independent predictor of lumbar spine BMC, lumbar spine area, total body BMC, radius BMC, radius area, radius cortical cross-sectional area (CSA), radius periosteal, and endosteal circumference ( Table 2) . According to this regression analysis, every year increase in maternal age was associated with a 0.00233 g/cm 2 (unstandardized B) decrease in lumbar spine aBMD. The inverse relationship between maternal age and aBMD at the lumbar spine, adjusted for physical activity, total body lean mass, and adult height was observed for both smoking and non-smoking offspring (Fig. 1a and b) .
In order to further investigate the independent relationship between maternal age and aBMD at the lumbar spine, we also included other possible confounders, variables correlated with maternal age in the regression analysis, i.e., socioeconomic status of the parental household in 1985, maternal parity, paternal age, and maternal smoking in early pregnancy. In this model, in which also all previously used offspring confounders and length of pregnancy were included (variables correlated to aBMD of the lumbar spine), maternal age remained an independent predictor of aBMD, BMC and area of the lumbar spine, BMC, area, cortical CSA, periosteal and endosteal circumference of the non-dominant radius, but not of BMC of the total body ( Table 2 ).
The role of maternal anthropometrics-subsample analysis
In a subsample of the mothers, we were able to extract weight (n=885) and height prior to pregnancy (n=832). Maternal weight was positively correlated to adult and birth weight in the offspring (r=0.340, p=<0.001 and r=0.199, p=<0.001, respectively) and aBMD of the lumbar spine (r=0.083, p= 0.013). Maternal height was positively correlated to adult and birth height in the offspring (r=0.496, p=<0.001 and r= 0.195, p=<0.001, respectively) but not to aBMD of the lumbar spine in the offspring (r=0.039, p=0.258). When including these variables in the regression analysis (n=705) with all other previously used variables, maternal age remained an independent predictor of aBMD, BMC, and area of the lumbar spine, BMC, area, periosteal and endosteal circumference of the non-dominant radius, but not of cortical CSA of the radius (Table 2) .
Mothers >36 years (90th percentile) had sons with lower aBMD at several sites than sons of mothers ≤36 years
The mothers were divided into two groups, of which the first consisted of the oldest mothers (>36 years), corresponding to the 90th percentile of age, and the second of the remaining mothers, 36 years or younger (n=920), allowing the comparison of anthropometrics and bone variables in sons of the oldest mothers with all other mothers. Bone measurements were adjusted for covariates correlated to aBMD at the lumbar spine (total body lean mass, total body fat mass, current smoking, calcium intake, current physical activity, adult height, adult weight, birth height, and length of pregnancy). We compared the two groups by assessing independent samples T-test. There were no significant differences in height or weight, neither at birth nor in young adulthood. Sons of mothers older than 36 years had significantly lower aBMD at the total body (1.6%), lumbar spine (2.6%), and femoral neck (2.8%), as well as lower BMC at the total body (2.7%), lumbar spine (3.2%), femoral neck (4.0%), and non-dominant radius (2.7%) than sons of mothers 36 years or younger (Table 4) . A slight reduction was also observed for bone area of the total body (1.0%) but not of the lumbar spine, femoral neck, or the non-dominant radius. Of the pQCTmeasurements, only cortical CSA of the radius (2.0%) was significantly lower in sons of mothers older than 36 years of age than in sons of younger mothers (Table 4) .
Discussion
In the present study, we have demonstrated that advancing maternal age was associated with reduced aBMD and BMC of the lumbar spine at the age of PBM in the male offspring, independently of the possible confounders that are known to affect bone mass in late adolescence. The observed association was small but obvious when viewing the sons of the oldest mothers (90th percentile, >36 years), which had lower bone mass, visible at several bone sites, including also both aBMD and BMC at the femoral neck and total body, than the sons of the younger mothers. Based upon our results, we hypothesize that a critical point between 30 and 35 years of age exists, where the negative influence of advancing maternal age on bone mass is more pronounced. Our results are in line with the previous finding of a higher fracture risk among children of mothers giving birth at advancing age in a Brazilian cohort [8] .
We also found that increasing maternal age was associated with reduced bone area of the lumbar spine in the offspring, but this association was only found after adjusting for several covariates, including offspring anthropometrics. This indicates that the association found between maternal age and aBMD could, at least partly, be due to bone size. When evaluating the results from the appendicular skeleton, here represented by the radius, we found that aBMD of the radius was inversely correlated to maternal age, but when adjusting for covariates, no association was found. There was, however, as in the lumbar spine, an inverse association found between both the area and BMC of the non-dominant radius and maternal age. Aiming to discriminate whether the association between maternal age and DXA-derived BMC was mainly due to volumetric BMD or bone size, we used pQCT measurements of the non-dominant radius. We found that maternal age most strongly predicted the parameters of bone size, i.e., cortical CSA and especially periosteal and endosteal circumferences, but not volumetric BMD. As indicated by these data, it seems plausible that the association between BMC and maternal age could be explained by bone size. There was, however, no differences found in anthropometrics, neither at birth nor in young adulthood, when comparing the sons of the oldest mothers to the sons of the younger mothers. Comparing these two groups, we found that only cortical CSA of the pQCT parameters was significantly reduced in the sons of the oldest mothers, while the associations found in the linear models (Table 2) for periosteal and endosteal circumferences could not be repeated, indicating that the latter associations had linear relationships. Possibly, these associations could not be detected with reduced statistical Fig. 1 a. Advancing maternal age is associated with reduced lumbar spine aBMD in the non-smoking male offspring after adjustment for current physical activity, adult height, and total body lean mass in the offspring. Means and 95% confidence intervals are shown. b. Advancing maternal age is associated with reduced lumbar spine aBMD in the smoking male offspring after adjustment for current physical activity, adult height, and total body lean mass in the offspring. Means and 95% confidence intervals are shown Table 3 Pearson's correlation were used. r and p values are shown power as in the dichotomized comparison of the sons with the oldest mothers and the sons of the remaining mothers. PBM has been shown to be of great importance as a predictor of the risk of developing osteoporosis later in life [15] . Given the trend of advancing maternal age during the last three decades in Sweden, the question rises whether this will influence the incidence rates of osteoporosis in Sweden in the future. Looking back on Swedish population statistics, the maternal age was also high in 1930 (mean age 29.4 years, primi-and multipara), which theoretically, according to our results, might have played a role in the increased rates of osteoporosis and fracture we are looking at today [1, 16] . In the present study, we show that every year increase in maternal age was associated with a 0.00233 g/cm 2 (unstandardized B) decrease in adjusted lumbar spine aBMD, corresponding to about 1.6% of 1 SD (1 SD equaling 0.147 g/cm 2 ) in the offspring. Assuming a linear relationship, e.g., a 15-year difference in maternal age would correspond to a difference in about 24% of a standard deviation in lumbar spine aBMD. The possible effect is hardly of any clinical significance on the individual level, but if maternal age continues to rise, a shift in the distribution of BMD in the offspring population could be the result, which could lead to an increased incidence of osteoporosis in the future.
In the present study, we found an association between advancing maternal age and reduced bone mass in the offspring, even though we included a large number of known confounders. Social position is a parental characteristic that has previously been shown to be positively related to bone mass acquisition in 10-year old children as a consequence of enhanced gain in height [17] . In our material, the adult height of the GOOD subjects was positively correlated to bone density and bone mineral content, while the socioeconomic index (SEI) was not, and maternal age remained an independent predictor of bone mass in the offspring also after adjusting for SEI. Adult height, however, was shown to be a negative independent predictor when including all variables correlated to aBMD at the lumbar spine in the linear regression analysis.
Maternal height has been shown to predict hip fracture risk in a Finnish study [18] . Inclusion of maternal height did not either alter the obtained results in the present study. This was however only possible to test for in a large Table 4 Differences between groups were investigated using independent samples t-test
Bone measurements were adjusted for total body lean mass, total body fat mass, current smoking, calcium intake, current physical activity, adult height, adult weight, birth height, and length of pregnancy
subsample of the subjects (n=705). Furthermore, inclusion of several known predictors, such as physical activity, calcium intake, and height and body composition parameters did not explain the association between bone parameters in the offspring and maternal age. A Canadian study has shown an association between delayed childbearing and low birth weight [19] , which in turn has been shown to be a predictor of bone mass later in life, mediated largely by bone size [20] . In our cohort, there was, however, no correlation seen between maternal age and birth size, i.e., birth weight and height. Length of pregnancy showed a weak negative correlation with maternal age but was of no importance when included in the regression analysis.
Other possible explanations, which we have not been able to adjust for, may be found in placental function, partly reflected though in birth anthropometrics, or other aspects potentially affected by maternal aging such as the environment in utero. One might also speculate in epigenetic causes. With aging and exposure to environmental factors in general, recent research has shown that DNA methylation and histone modification alters the genetic phenotype and may increase the susceptibility of several diseases, which may also be inherited by offspring via germ line cells [21] . The degree of modified DNA would be expected to be higher in older mothers and subsequently imply an increased susceptibility to morbidity in the offspring, possibly including also bone quality. In order to establish and confirm our findings concerning the association between maternal age and bone mass in the offspring, further studies on the topic are required.
There are some limitations in the present study. Firstly, there were some deficits in the medical birth register concerning maternal anthropometrics resulting in a markedly reduced number of subjects when adjusting for all possible confounders. This reduced the statistical power of the analysis. Secondly, the association between maternal age and bone mass in male offspring is rather small and probably of limited clinical significance in itself. Since our reported results were derived from a cross-sectional association study, we are not able to delineate whether the found association between increasing maternal age and decreased aBMD in the offspring is possibly due to intra-uterine or from environmentally affected extra-uterine factors.
In conclusion, we demonstrate that advancing maternal age is associated with reduced bone mass in a large cohort of young adult male offspring, but additional studies are required to elucidate whether a high maternal age could increase the susceptibility of developing low bone mass and osteoporosis.
